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INTRODUCTION

X-ray magnetic circular dichroism (XMCD) spectroscopy provides a unique opportunity to study
spin and oxidation states of dilute transition metals in metallo proteins. Advantages of the
technique include element selectivity and high sensitivity.
The XMCD signal is given by the difference in absorption between right and left circular
polarized X-rays [1]. XMCD probes the population of the magnetically split levels by measuring
the difference in absorption between right and left circular polarized X-rays. Since in
paramagnetic systems this population is given by Boltzmann statistics, XMCD requires high
fields and low temperatures.
Applying the sum rules to the measured spectra allows determining the spin and the orbital
angular momentum of the metal centers [2]. Furthermore, one can observe the signal as function
of the magnetic field to get magnetization curves of the system. This allows to extract the total
angular momentum and the g-factor of the specific metal sites by fitting a Brillouin function.
This also provides information, if various chemical species of the same element are present.
We have studied the active site of the enzyme acetyl-CoA decarbonylase/synthase (ACDS) using
this method. ACDS contains 5 protein subunits and catalyzes the cleavage (or synthesis) of
acetyl-CoA [5]. In the current model, the active site A cluster (which is  located on the ACDS �
subunit) contains an Fe-S cluster with a Ni atom bridged to it [3]. During the catalytic cycle of
ACDS the Ni and the Fe sites change the oxidation state. An important step to understand the
catalyzes is to understand the various steps in the catalytic cycle.

EXPERIMENTS

With our current setup located at the elliptically polarized undulator beam line of the ALS we
can study systems with a metal concentration of 500 ppm and below utilizing a commercial 30
element Ge detector. Our endstation hosts a 6 Tesla superconducting magnet cooled with liquid
helium. The sample is located in the bore of the magnet and is attached to a separate pumped 4He
cryostat providing sample temperatures of 2.2 K [4].
The proteins are prepared in a dried film on a sapphire disk in a glove box. The sample is
transferred to the experimental chamber and cooled to base temperature in a specially designed
capped sample holder.
We prepared ACDS � sununit in 2 states important for the catalyzes. One state was obtained by
reducing the protein with Ti citrate and another was obtained treating the reduced protein with
CO.
The magnetic response was studied at the Ni and the Fe sites recording the respective L-edges
with circularly polarized light at 2.2K and 6T.



RESULTS AND DISCUSSION

Ti citrate reduced ACDS��shows a strong magnetic signal in the Ni as well as in the Fe
spectrum.
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Figure 1a and 1b: L-edge spectra with right and left circularly polarized light (a). Difference of with right and left
circularly polarized light spectra and normalized to maximum of L-edge spectrum (b).

Figure 1a shows the L-edge spectra of Ni for
left and right circularly polarized light. Figure
1b shows the XMCD signal taking the
difference spectrum between left and right
circularly polarized light normalized with the
maximum of the L-edge spectra leading to an
XMCD effect of around 50%. Magnetization
curves were taken at various excitation
energies as shown in figure 2. One curve was
measured at 862.9 eV just between the L3 and
L2 lines. Since no magnetic response is
expected at this position this curve determines
the base line. Another set of curves were taken
at two positions of the L3 line. Fits of the
Brillouin function to the data results in
different g-values. This indicates the presence
of different chemical species of Ni in the
sample with different magnetic properties. The
measured spectrum is a superposition of the
spectra of the different species. A similar
behavior was observed for the magnetization
curves taken at the Fe edge. The L3 edge is
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Figure 2: Magnetization curves at different
excitation energies. The red curve was taken
between the L3 and L2 line and shows no signal



showing a double peak feature with both peaks exhibiting a strong magnetic response. The
maximum XMCD signal is about 35%.
Treating the sample with CO changes the resulting spectra dramatically. The magnetic signal on
the Ni site disappears almost completely. A residual XMCD signal of 10% is observed. Also the
XMCD signal of the Fe is drastically reduced to about 20%. The double peak feature at the L3
line also disappears. A magnetization curve was taken at the excitation energy of the maximum
Fe-XMCD signal revealing a magnetization close to saturation. This rules out that the XMCD
signal disappeared due to insufficient thermal contact.
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INTRODUCTION

This project studies photoemission (photoionization) from "fixed-in-space" molecules,
comparing measured angular distributions with theory.  In particular, strong circular dichroism in
angular distribution (CDAD) is measured for CO and N2, which is explained by calculations
performed both in the multiple-scattering and random-phase-approximation formalisms.  The
new CDAD measurements, together with earlier results with linearly polarized photons [1,2],
constitute the most complete description of K-shell photoemission from a free diatomic
molecule.  They provide benchmark tests of theoretical methods that are indispensable, for
example, in the interpretation of photoemission and photoelectron diffraction data from solids.

METHODS

The present experiment was performed using COLTRIMS (Cold Target Recoil Ion Momentum
Spectroscopy [3]) at elliptically polarized undulator beamline 4.0.2 of the Advanced Light
Source.  The resolution for the photoelectron ranges from 1-3 eV depending upon its energy;  this
is sufficient to discriminate the direct K-shell photoelectron from the Auger and satellite shake
up electrons.  In the analysis we have used for CO only the C+ + O+ decay channel with a kinetic
energy release KER > 10.2 eV [2], and for N2 all ions from the N+ + N+ decay channel.

The calculations for CO are performed in a one-electron model using multiple scattering theory
in non-spherical self-consistent potentials (MSNSP) [4] using the experimental values of the
electron energy.  The molecular ionic potential is split into two touching roughly hemispherical
cells in which the full self-consistent potential is present.  This allows us to include regions of
space neglected by standard multiple scattering theory, and to avoid the usual spherical
symmetrization of the potentials around each atomic scattering center.  The inclusion of non-
spherical effects has been found to be crucial in the calculation of the photoelectron angular
distributions for kinetic energies of the electron lower than approximately 30 eV [3].



Figure 1. (a) and (b) -- Angular distributions of C(1s)
photo-electrons (10 eV kinetic energy, on shape
resonance) emitted from a CO molecule by absorption of
left and right circularly polarized photons. The sense of
rotation of the polarization vector is indicated by the
spiral, where the photon propagation vector lies along
the + x-axis (i.e., into the page) in all cases. The
molecule is aligned along the z-axis, with the carbon
atom at negative z in panels (a) and (b).  Each vertex of
the three-dimensional shape represents one data point.
The data have not been smoothed, with the maximum
corresponding to about 1000 counts.  (c) -- Analogous
distribution of N(1s) photoelectrons (9 eV, on
resonance) from N2.

Figure 2. (a-c) Angular distribution of C(1s) photo
electrons emitted from a CO molecule by absorption of
right circularly polarized photons where the propagation
vector of the light is into the page.  The molecule lies
along the horizontal axis as indicated, and both electrons
and molecules lie within 10 degrees of the plane of the
page.  The electron energies are (a) 1.6, (b) 10.0 and (c)
24.6 eV.  Panels (d-f) show the corresponding circular
dichroism as defined in the text.  Electron angle 0
corresponds to the direction of the carbon.  Full lines:
Theoretical multiple scattering calculations for the two
higher energies, convoluted with the experimental
resolution.

For N2, the calculations take many-electron correlations into account in the Random Phase
Approximation (RPA) [5,6].  In this approach, the non-spherical relaxed core Hartree-Fock
potential is used as the zero order approximation for the photoelectron wave functions, and the
coupling between the 1�-g and 1�-u channels is included within the RPA method.

RESULTS

More quantitatively, Fig. 2 shows the photoelectron angular distribution from CO in the y-z-
plane (perpendicular to the photon propagation) where CDAD is strongest.  The molecule lies
along the horizontal axis, as shown in the schematic, and the photon propagation vector is into
the page.  The electron energies are 1.6, 10.0 and 24.6 eV.  The carbon-K � shape resonance
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results in a maximum of the cross section at around 10 eV (306 eV photon energy).  The right
panels show the CDAD defined as:

� � � �/RCP LCP RCP LCPCDAD � � � �� � �

The theoretical calculations corresponding to the measurements are shown in Fig. 2 by the solid
lines, using the multiple-scattering formalism:  good overall agreement between experiment and
theory is found.

Similar agreement between experiment and theory was obtained (not shown) for N2, in which
case the random-phase-approximation approach was used.
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BACKGROUND

Over the last years x-ray magnetic circular dichroism (XMCD) has been established as
a technique to reliably determine the direction and the size of the local spin and orbital
magnetic moment of a each element in a sample. An interesting property of magnetic
systems is the magnetic anisotropy manifested in the observation that spins tend to align
parallel to a certain crystal axis to minimize their energy. The origin of the anisotropy
lies in the coupling of the electron spin to the orbital moment and thus the crystal lattice.
In principal the anisotropy energy can be determined from the difference of the orbital
moment measured along different crystal axis. Practically this is rather difficult because
of the small size of the orbital moment. Recently experiments employing the x-ray
magnetic linear dichroism (XMLD) have been suggested and some very promising first
results were published [1,2]. Linear dichroism is not sensitive to a net magnetic moment,
but only to the relative orientation between electric field vector and magnetic moment.
It can thus be used to determine the energetic difference between two configurations in
which the magnetic axes are oriented perpendicular to each other.

We studied the influence of thin films of Ni on the in versus out of plane anisotropy
of CoFe2O4. In all these samples the spins prefer to align parallel to the surface, which
is referred to as in plane anisotropy. However, we know from hysteresis loops measured
using the magneto-optic kerr effect that it is easier to drag the magnetization out of the
surface plane if a thin Ni layer is deposited (2nm). Therefore the sample covered with Ni
should exhibit a smaller XMLD signal due to the smaller in plane anisotropy. The use of
an elliptical undulator beamline offers the possibility to monitor the XMLD signal while
rotating the electric field vector continuously from the easy axis of the sample (parallel
to the surface) to the magnetic hard axis (perpendicular to the surface)



RESULTS

An external field of 2800Oe along the beam direction was applied to fully magnetize the
sample. Dichroism spectra were acquired by switching the polarization between 90%
plus and minus circular helicity (XMCD) or between fully horizontal and vertical linear
polarization (XMLD). Figure 1 shows the comparison between magnetic circular and
linear dichroism of Fe 2p in CoFe2O4. The net XMCD signal has a different sign for L3

and L2 absorption resonance. Sum rules relate the difference in XMCD signal to the net
atomic magnetic moment. Another sum rule relates the normalized integral to the orbital
moment. Because of the complicated line shape of the iron oxide resonances the accurate
determination of the integral is difficult. An alternative is to use the XMLD signal which
does not change its sign, because it is not sensitive to the net magnetic moment. In case
of XMLD a qualitative determination of the orbital moment is possible only by observing
the relative intensity of the two features within each resonance. It reaches a maximum
when the anisotropy axis (easy axis) and the electric field are perpendicular to each other.

We now monitored the ratio while rotating the electric field vector away from the
surface normal into the surface. Figure 2 shows the result. Both samples show a maxi-
mum XMLD signal when the electric field vector is perpendicular to the surface meaning
that both samples show an effective in plane anisotropy. Of the electric field vector is
rotated towards the sample surface, the XMLD follows the predicted cos2 dependence [1]
for both samples. The absolute value of the XMLD intensity is increased in the sample
with the thin Ni layer on top. This demonstrates that indeed the in versus out of plane
anisotropy of the CoFe2O4 is changed by the Ni deposition. The fact that this behavior
is also observed in XMLD rules out a pure change in so called surface anisotropy by the
Ni deposition but that the interaction of the electronic structure of both systems is of
importance.
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Figure 1: 2p absorption spectra of Fe in CoFe2O4. The left panel shows XMCD and the
right panel the XMLD spectra. The absorption spectra acquired for each polarization
are shown on the top. The bottom row displays their difference.
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INTRODUCTION
The intensity levels reached in many third-generation synchrotron radiation experiments on
solids have been found to exceed the linear response range of the final detection system involved.
In electron spectroscopy, Seah and co-workers have previously discussed methods for detecting
such non-linearity, including measurements with laboratory x-ray sources [1].  As a particular
case involving synchrotron radiation, non-linearity has been noticed by several groups in using
the Gammadata/Scienta electron spectrometers, with this behavior extending even to fairly low
countrates [2-8].  For example, prior work on multi-atom resonant photoemission (MARPE) by
several groups was strongly affected by this particular non-linearity [3-6].  While data related to
the MARPE effect have been corrected for such non-linearities in prior publications [6b,7,8], we
have found that other measurements such as the quantitative analysis of complex oxides via core-
level intensities can be strongly influenced by this non-linearity, even when the exciting energy is
far away from any resonance [9].  Similarly, measurements of relative intensities in angle-
resolved valence spectra can also be significantly altered [10].  It is thus of interest to develop
accurate and broadly utilizable procedures for correcting for non-linearity with any detection
system.  Although we will use one spectrometer system as an example, the methodologies
discussed here should be useful for many other cases.

CORRECTION METHODOLOGIES AND EXPERIMENTAL RESULTS
In Figure 1(a), we show broad-range survey spectra from a Cu(110) sample, as excited by Al Kα
radiation with various power levels and detected by a Scienta SES200 spectrometer and its
standard microchannel-plate/phosphor/CCD detection system.  Since the high voltage was held
constant, this is verified experimentally to lead to x-ray flux being proportional to power [7].
The various spectra have been normalized to one another at the lowest-countrates, just above the
valence region.  If the detector were linear, all spectra should lie on top of one another, but it is
evident that they are not, with factors of up to 4x separating them in the higher intensity regions
at lower kinetic energy.

We now consider two methods for correcting for non-linearity in such spectra:
1. Measurement of flat-background reference intensity as a function of incident x-ray flux:  In the
most obvious method, a flat background region in a spectrum from a sample with a stable surface
can simply be measured as a function of incident x-ray flux, with non-linearity then being
reflected in any deviation of a plot of measured intensity vs. x-ray flux from a straight line [7].
One might term this a "partial yield" measurement of detector response.  This curve can then be
fit to a convenient polynomial function such that any non-linearity can be described finally via:



(1)

where Im = the measured countrate, It = the true countrate, Ix = the incident x-ray flux, the bn  are
empirical expansion coefficients, and nmax is some maximum order chosen to adequately fit the
data (roughly 5 in one prior analysis [7]).  The coefficient b0 thus represents the dark current in
the absence of any excitation, and this will often be negligible, or at least can be simply subtracted
from all measurements.  The overall counting efficiency ε is now defined simply as

(2)

Actual measured spectra can now be generally written as vectors [Imi(Ei)] over different energies
Ei, and can be corrected to yield true spectra [Iti(Ei)] simply by dividing by ε, or

(3)

where the quantity δ(Imi) is defined by this equation.
Some measured vs. true countrates derived in this way are shown in Figure 1(c), and at

minimum a significant quadratic correction term is evident.  This procedure has been used in a
prior analysis of detector non-linearity by Kay and co-workers [7,8], and it is found to yield
excellent correction for such effects in the Scienta system, including the MARPE data discussed
previously.

2. Analysis of broad-scan survey spectra at different incident x-ray fluxes:
Consider a set of N survey spectra Imi

j(Ix
j,Ej) measured on the same sample, with incident fluxes

j = 1, 2, … , N, as illustrated shown in Figure 1(a).  The intensities here span a range of
approximately 40x, thus sampling the detector response very fully.  We further assume that the
true countrate Iti

j (minus dark current as needed) for a given flux Ix
j, and energy Ei, can be

expressed via a simple proportionality to flux, and that the true spectra can also be described by
another power series in the measured spectra, as

(4)

where I0(Ei) = the true spectral shape in energy, j = 1, 2, …, N; i = 1, 2, …, M = no. of channels
in energy, and P is the maximum order of the polynomial needed to adequately describe the data
(roughly 9 as a conservative number).  Further assuming that the detector is linear at very low
count rates such that, and then substituting for Iti

1 and rearranging, permits expressing the data for
all N spectra as:

(5)

In matrix form, B is an (N – 1)•M long column vector, M an (N – 1)•M by (P – 1) matrix, and A a
(P – 1) long column vector.  Eq. (5) is an over-determined system of linear equations and can be
solved for the maximum likelihood ai's in A by finding the minimum of |B – MA|2, i.e. by solving
for 0 = ∇A|B–MA|2 = 2MTM –2MTB (superscript T = transpose).  The polynomial coefficients
in can by obtained by a standard "LU" decomposition [11] or simply by matrix inversion:

A = (MTM)–1MTB. (6)
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where ( )TM M  is a small ( )1P −  by ( )1P −  matrix. For better numerical precision in the matrix
inversion, the measured counts should vary from 0 to 1, which can be achieved by trivial
normalization.

Some results obtained with both methods are shown in Figure 1(d), where the true counts are
plotted as a function of measured counts, and essentially identical results for the curve are found
from both methods.  Finally, in Figure 1(b), we show the same spectra as Figure 1(a), but with
the correction applied: it is clear that all normalized spectra for different fluxes coincide to a high
accuracy, thus permitting quantitative spectroscopy to be performed with this detector.

CONCLUSIONS
In summary, we have presented two distinct methods for correcting for non-linearity in detection
systems, and demonstrated their validity for the specific case of the Scienta SES 200
spectrometer.  Applications to this and other spectrometer systems for electrons and soft x-rays
should be possible.
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Figure 1.  (a) Survey spectra from a Cu(110) sample, obtained with AlKα excitation at various x-
ray powers and constant voltage, normalized to be equal at the lowest countrates near zero
binding energy. (b) Survey spectra for the four lowest power settings after non-linearity
correction. (c) Plot of true countrate vs. measured countrate, as derived from Method 1.
Countrates expressed in Hz per pixel in the CCD camera [7,8]. (d) Plot of measured countrate vs.
true countrate as derived from both Methods 1 and 2.
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INTRODUCTION
It has by now become obvious that the brightness of third-generation synchrotron

radiation sources often exceeds the capabilities of the end-station detector systems to adequately
handle the electron or photon fluxes resulting from a given experiment, thus preventing both the
fullest utilization of the radiation and the carrying out of certain new types of experiments
readily, if at all. Detector non-linearity is one problem that has been encountered [1], but there
are many other examples for which beamline or spectrometer throughput must be decreased to
prevent high countrate saturation, or the number of energy or angular channels that can be
counted simultaneously severely limits a given experiment [2]. In recognition of this, a national-
level initiative in detector development has been proposed by the multi-institutional
"DetectorSync" group [2].

As a first example of what can be accomplished with advanced detector technology, a
project to develop an ultrahigh-speed one-dimensional detector for electrons and vuv/x-ray
photons is underway at the ALS.

DESIGN PHILOSOPHY AND FIRST TEST RESULTS
This project takes advantage of unique expertise at LBNL for detector development in

high-energy and nuclear physics, and involves the custom design and fabrication of application-
specific integrated circuits (ASICs). The final goal is a 768-channel detector with 50 micron
spacing between channels and a maximum linear countrate per channel of over 2 megaherz. The
overall countrate will thus be in the 2 GHz range, and approximately 100 times faster than any
other present one-dimensional or two-dimensional detector, with significantly improved spatial
resolution as well compared to other existing detectors. First applications will be in electron
spectroscopy, but others in x-ray absorption and x-ray emission spectroscopy are expected to
follow.

A first prototype of this detector is shown in Fig. 1(a). Based on 12 pairs of 64-channel
ASICs (an existing high-energy preamplifier chip (SDC) and a specially-designed buffered
counter (DBC)), this detector has already demonstrated the ability to take spectra in a Scienta
electron spectrometer located at the ALS (Fig. 2(a)), to resolve channels with a FWHM of 75
microns (Fig. 2(b)), and to count linearly at up to 1.0 GHz overall (Fig. 2(c)) [3].



Based on this experience, a next-generation detector with significant improvements in all
elements from power supplies to ASICs to data acquisition is presently under development, with
an expected completion date of late 2002. This will use 6 pairs of 128-channel ASICs (a newer
high-energy preamplifier chip (CAFÉ-M) and a specially-designed buffer counter (BMC)), with
optical coupling between detector and control/counting electronics to minimize noise and
transients. The completion date for this project is estimated to be late 2002.

Figure 1--(a) Basic characteristics of the prototype GHz-rate detector developed as the first stage of this project,
together with a photo of the ceramic substrate with 12 preamp-plus-counter chipsets mounted on it. The
microchannel plates are not yet installed. (b) Basic characteristics of the next-generation detection now being
designed and fabricated, together with a layour of its 6 chipsets and an indication of its size.

CONCLUSIONS
A prototype one-dimensional electron and photon detector operating linearly up to the

GHz countrate level and with a resolution of 75 microns over 768 channels has been successfully
developed and tested. An improved version of this detector is under development, with the same
resolution and number of channels, but improved performance, programmability, and robustness
in general user environments relative to the prototype. The next-generation detector should find
use in several areas of synchrotron radiation research.
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ALS GHz-RATE DETECTOR PROJECT
� (a) Prototype:

� 768 channels (64 x 12 chip pairs)
� Operation in real ALS environment
� ∼ 75 micron spatial resolution
� 1 GHz overall linear countrate
� demonstration of principle

� (b) Next generation:
� 768 channels (128 x 6 chip pairs)
� ∼ 75 micron spatial resolution
� >2 GHz overall linear countrate
� spectral readout in as little as 60 µ

(time-resolved measurements)
� programmable thresholds, readout

format
� more robust in all respects
� size to fit current spectrometers

s
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Figure 2--Test data from the first prototype detector shown in Fig. 1(a). (a) Test spectra obtained with the detector
mounted in a Scienta SES 200 spectrometer at ALS beamline 9.3.2. (b) Spatial resolution determination via a
collimated electron beam source. Each channel is 50 microns. (c) Counting linearity per channel (ledt scale) and over
all channels (right scale) as determined with an electron gun.
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Magnetic Circular Dichroism in the X-ray Absorption Spectra
of the CMR Compound, Yb14MnSb11

A. P. Holm1; S. M. Kauzlarich1; S. A. Morton2; G. D. Waddill3;
W. E. Pickett4; J. G. Tobin2

1Department of Chemistry, University of California, Davis, CA 95616.
2Lawrence Livermore National Laboratory, Livermore, CA 94550.

3Department of Physics, University of Missouri-Rolla, Rolla, MO 65401-0249.
4Department of Physics, University of California, Davis, CA 95616.

This work is part of ongoing investigations into the magnetic and electronic
properties of the rare-earth transition metal Zintl phases A14MnPn11 (A = Eu, Yb; Pn =
Sb, Bi) at the Advanced Light Source.  We have recently obtained exciting new results
from X-ray magnetic circular dichroism (XMCD) investigations of the Yb14MnSb11
system.  Specifically, we have used XMCD as an element specific probe into the nature
of the magnetic moment in this system with the intention of exploring the proposed half-
metallic nature of this compound and its related substitutional analogues.  Our XMCD
measurements indicate that Yb14MnSb11 is a half-metallic ferromagnet, and we have
submitted our results for publication to Physical Review Letters.

The term half-metallic ferromagnet arises from theoretical predictions made by
R.A. de Groot et al based on band structure calculations of the ferromagnetic Heusler
alloy NiMnSb.1  These calculations proposed a new phase of matter that displays
separate electronic properties for majority-spin and minority-spin electrons.  Specifically,
one electron spin population is metallic and the other is insulating.  Such a material,
(possessing 100% spin polarization of the conduction electron) would hold significant
technological potential as a single-spin electron source for spintronic devices, data
storage applications, and high efficiency magnetic sensors.2

The materials we are studying are new compounds that belong to a class of
materials called transition-metal Zintl phases. These compounds are isostructural to
Ca14AlSb11 and crystallize in the tetragonal space group I41/ acd (Z = 8).  The
Yb14MnSb11, Yb14MnBi11 and Eu14MnSb11 analogues are each reported to order
ferromagnetically at 56 K, 58 K and 28 K, and 92 K, respectively.3-6  Eu14MnBi11 is an
antiferromagnet with a Néel transition at TN = 32 K.6  Each of these materials exhibits a
large resistance drop associated with their unique magnetic ordering temperature.  This
behavior is attributed to colossal magnetoresistance effects, and could help support the
proposal made by Pickett and Singh of a correlation between half-metallicity and colossal
magnetoresistance.7  These systems are ideal for investigations into the links between
magneto-resistance, magnetic moment and half-metallic behavior.

The ability to perform X-ray magnetic circular dichroism experiments on the EPU
has allowed us to probe the dichroic characteristics of Mn and Sb in the Yb14MnSb11



system during experiments recently performed on beamline 4.0 of the ALS.  Figure 1
shows the results from XMCD experiments on the Mn L23, Sb M45, and Yb N45 edges of
Yb14MnSb11.  A dramatic dichroism effect is shown in the Mn L23 region which is
confined to one sub-component of the Mn edge and closely matches theoretical models
for Mn2+, d5 dichroism (Figure 1d).  The difference in intensity upon change of helicity is
greater than 30%, and is strong evidence of a significant moment being present on the
Mn.  In contrast, no dichroism was observed in the Yb edges, but a small antialigned
moment is present in the Sb M45 edges as shown on the left side of Figure 1.  This result
is surprising because initial models predicted that dichroism would be restricted to the
Mn L23 region (with no dichroism in the Sb M45 region) and that it would be Mn3+, d4 like
in character.  However, an ongoing collaboration with theoretical groups in the physics
departments of the University of California, Davis and the University of Illinois, Urbana
to model the Ca and Ba analogues of this structure type has now produced calculated
results consistent with our experimental observations of how the Sb behaves in this
system.  They argue that the Mn should be in a 2+, d5 configuration, and the Sb4 cage
surrounding the Mn should have a hole antialigned to the Mn moment giving a total
moment of ~4 �B/ formula unit.  Our experimental results are consistent with these new
theoretical results, and in addition, these comparisons of data with theoretical calculations
and SQUID magnetometry measurements confirm that Yb14MnSb11 is indeed a half-
metallic ferromagnet.8-10
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Fig. 1.  The raw absorption spectra at plus and minus light polarization for
a) Mn L23, b) Sb M45, and c) Yb N45 are shown on the left.  The MCD
spectra for d) the experimental Mn L23 denoted by a solid red line and the
calculated Mn2+, d5 L23 denoted by a dashed black line, and e) the
experimental Sb M45 denoted by a solid blue line.10
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Spin-dependent charge transport is currently receiving a lot of attention due to potential
applications in giant magnetoresistive (GMR) devices such as magnetic field sensors,
magnetoresistive random access memories (MRAM), read heads, and galvanic isolators.1,2

These devices require a source of spin-polarized electrons.  Magnetite, Fe3O4, is a promising
source of spin-polarized carriers, because density-functional theory spin-resolved density of
states calculations have suggested that electrons at the Fermi level are -100% spin polarized.3,4

Magnetite is a mixed-valence 3d transition metal oxide that has an inverse spinel structure (space
group Fd3m) with a lattice constant of 0.8397 nm.  The tetrahedral sites of the spinel structure
are entirely occupied by Fe3+, whereas the octahedral sites are occupied half by Fe2+ and half by
Fe3+.  Fe3O4 undergoes a metal-to-insulator Verwey transition at 120 K and the Curie
temperature of magnetite is 860 K.  Recently, GMR effects greater than 500% have been reported
at room temperature for Fe3O4 nanocontacts.5

We have electrodeposited galvanostatically epitaxial Fe3O4 films on Au(111), a system with a
3% lattice mismatch.6  These films are ~0.5 �m thick and have a (111) orientation.  X-ray
diffraction and SEM results establish that the magnetite films consist of twinned domains rotated
by 180� with respect to each other.   For the spin-polarized photoemission measurements a
magnetic field from an in situ electromagnet is applied to the sample either in the plane of the
sample or perpendicular to that plane.  The field is then removed and the photoemission
measurements are performed in remanence.  The spin-resolved measurements were done at
Beamline 7.0.1 with the spin-resolved endstation.7  The energy of the excitation beam was ~ 160
eV.  Emitted photoelectrons were collected and filtered by a PHI 10-360 SCA hemispherical
electron energy analyzer and then passed into a micro-Mott detector to resolve the electron spins.
The total energy resolution for the spin resolved measurements was ~0.5 eV.  Finally we have
measured Fe L edge and O K edge XAS as well as Fe MXCD for these samples at Beamline 4.0.
For the MXCD measurements, the sample was magnetized in situ and the measurements were
made in remanance.  All measurements were made at room temperature.  Prior to the
photoemission, XAS, and MXCD measurements the samples are briefly sputtered and then
annealed in an oxygen environment.  This produces LEED patterns consistent with the presence
of rotationally twinned Fe3O4(111), but the films are rather poorly ordered.  Photoemission
always observes a trace amount of surface carbon.

The Fe L edge and O K edge XAS are shown in Figs. 1 and 2 respectively.  In Fig. 3 we show the
Fe L edge MXCD.  These results are virtually indistinguishable from results reported by Kim et
al. for a bulk magnetite sample.8  Figs. 4 and 5 show the spin-resolved photoemission results for
these samples.  The polarization at the Fermi level is approximately – 40% with a change in the
sign of the polarization observed at ~1 eV binding energy.  The reasons for the observed
deviation from the predicted value of –100% is not known.  There are two recent repots for in
situ prepared Fe3O4 films that report either – 50%9 or – 80%10 spin-polarization.  The first result



is attributed to correlation effects that set an upper limit on the spin-polarization of – 67%11

while the latter is regarded as evidence for half-metallic behavior.  The discrepancy between
these various results requires further investigation.
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Figure 2. O K edge x-ray absorption for thick magnetite film on Au(111).
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Figure 3. Fe L edge magnetic x-ray circular dichroism for thick magnetite film on Au(111).
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Figure 1. Fe L edge x-ray absorption for thick magnetite film on
Au(111).
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Figure 4. Spin-resolved valence band and Fermi edge for magnetite on Au(111).
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BACKGROUND

The investigation of magnetic multilayers is an active research area, driven by the interest-
ing physics associated with such structures and their application in the magnetic storage
industry. While the interface itself is supposed to dominate the magnetic behavior of the
entire system, the identification and characterization of its magnetic properties remains
an experimental challenge. A prominent example is the so called exchange bias effect,
which is the directional coupling between the spins in an antiferromagnet and those in
an adjacent ferromagnet, for a review see [1]. An important parameter in modelling the
exchange bias effect are possible uncompensated spins in the antiferromagnet. Recently,
we demonstrated the existence of uncompensated Ni spins in the Co/NiO system with
XMCD [2] and PEEM [3] measurements and related them to an oxidation/reduction
effect at the interface. Here we present hysteresis loops of exchange biased Co/NiO
multilayer measured with X-ray absorption spectroscopy (XAS). The experiment was
performed at the elliptically polarizing undulator beamline 4.0.2 of the Advanced Light
Source, USA.

RESULTS

The sample studied was a multilayer of 3 nm Co and 50 nm NiO grown on Si. The
surface (Co on top) was capped with a 1.5 nm Ru layer to prevent its oxidation. The
easy axis of the Co layer was in the plane of the sample and an exchange bias field
of 175 Oe was obtained. The XAS spectra were measured in the absorption mode by
measuring the sample current. The sample was mounted in grazing incidence in the gap
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Figure 1: Hysteresis loops of ferromagnetic Co and interfacial ferromagnetic Ni. The Ni
signal arises from an equivalent of 0.5ML buried below 4nm of Co and Ru. The loops
show no qualitative differences within the error of the experiment.

of an electromagnet, which can switch a magnetic field up to 3000 Oe with 1 Hz and
has the magnetic field along the polarization vector of the circularly polarized light. The
hysteresis loop for Ni is measured as follow. The magnetic field is varied from -3000 Oe
to +3000 Oe and back in 50 Oe steps. At each magnetic field the absorption signal at the
L3 and L2 edge for a fixed polarization is measured. Next the measurement is repeated
with opposite polarization. The hysteresis loop is calculated by taking the ratio of both
polarizations for each edge and then calculating the difference between L3 and L2 loop.
The hysteresis loop for Co is obtained in the same way.

Within the experimental error there are no differences between the Co and the Ni
loop. A final decision whether all interfacial spins rotate in the external field together with
the Co spins or a small fraction of them remains pinned to introduce the unidirectional
anisotropy cannot be made. This is due to the fact that the vertical position of the
loops is slightly influenced by experimental factors and the absolute zero line has to be
determined by a reference measurement with an unbiased sample. However we estimate
the amount of pinned moments to be less than 20%. A more accurate investigation is
currently underway. Nevertheless the determination of element specific hysteresis loops
with excellent depth sensitivity and the ability to pick up the magnetic signal arising
from small amount of buried material is a promising first result.
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How does a single photon couple to two electrons in an atom? This question has been
extensively discussed in the literature. Most of this discussion has been focused on the
photo double ionization (PDI) of the helium atom which is the simplest two-electron-
single-photon process. It is generally believed that at high photon energies the shake-off
mechanism makes the largest contribution to PDI. The shake-off is a relaxation of the
correlated initial state onto the new He+ eigenstates after a sudden removal of one atomic
electron. In contrast, close to the threshold, mainly one electron absorbs the photon and
knocks out the second electron in an (e,2e) like collision (the process which is called in
the literature the two-step-one, or TS1). The whole discussion on the PDI mechanisms
is based solely on theory and on measured total cross sections. Differential data were
available only in the regime of low energies, where the long range interaction between
the electrons completely masks the signatures of the ionization mechanisms.
In this joint experimental and theoretical work we provide the first direct evidence

for both mechanism by measuring the angular distributions of the photoelectrons by use
of the COLTRIMS technique (Cold Target Recoil Ion Momentum Spectroscopy). The
experiments have been performed at Bl. 4. They cover double ionization by linear and
circular polarized light.
The following observations present the arguments for a two-step picture in which

one electron absorbs the photon energy and its angular momentum and, subsequently,
the second electron is either shaken-off or knocked out. The top panel of 1 shows the
measured and calculated SDCS. It has a characteristic U-shape and peaks sharply at 0 eV
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Figure 1: PDI of He at h̄ω = 529 eV. a) SDCS dσ/dE. The line is a CCC calculation.
The insets show the DDCS dσ2/(dΩdE) at E = 2 eV and 448 eV. b) The asymmetry
parameter β versus the electron energy.

and 450 eV. This run of the curve is in contrast to the SDCS close to the threshold which
is almost flat. The bottom panel of 1 shows the measured and calculated β parameter.
We find an angular asymmetry parameter β � 2 for the very fast electrons and β � 0
for the very slow electrons. Two examples of the experimental DDCS at E = 2 eV and
448 eV are shown in the insets together with the line obtained from CCC estimates of the
SDCS and β. A very asymmetric energy sharing together with an angular asymmetry
parameter β � 2 for the fast electron indicate that the fast electron absorbs not only
most of the photon energy but also its angular momentum. This directly suggests an
interpretation of the PDI as a two-step process with the fast electron being the primary
photoelectron. The very slow electrons are emitted isotropically at very low energies as
expected for the shake-off, while β becomes slightly negative for higher energies indicating
a major role of the TS1 at higher energies of the slower electron.
After establishing the validity of a two step picture we show now, that the second

step of the PDI is dominated by the shake-off mechanism for very low energetic electrons
(about 1 eV), while 30 eV electrons are created mainly by a binary (e,2e) like collision.
In brief, the shake-off results in a almost isotropic, slightly backward directed emission
of the slow electron with respect to the fast one, while any binary collision between the
electrons leads to an angle of 90 deg between them.
The TDCS for electrons E2 < 3 eV (figure 2b) has a pear-like shape peaked at 180◦

to the fast electron. Contrary to all TDCS reported at lower photon energies so far, these
slow electrons show a significant intensity for parallel emission into the same direction.
This is possible because of the very asymmetric energy sharing of the two electrons. The
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Figure 2: TDCS of the He PDI at 529 eV photon energy. In all panels the electrons are
coplanar within ± 25◦, the polarization axis is horizontal. The direction and the energy
of one of the two electrons is fixed as indicated by the number and the arrow, i.e. the
slow electron is fixed in panels (a) and (c) and the fast electron is fixed in (b) and (d).
The polar plots show the angular distribution of the complementary electron. The upper
panels (a) and (b) are for the case E2 � 2 eV; the lower panels have E2 � 30 eV. The
solid line is a full CCC calculation, the dashed line is a shake-off only CCC calculation.
The measurements are normalized to the full CCC calculation.

solid line is a full CCC calculation which is in excellent agreement with the measurements.
The TDCS for electrons E2 � 30 eV (figure 2 c,d) are completely different from the

low energy ones. We find emission of the electron into a narrow cone at 90◦ to the fast
electron (figure 2 d). An angle of 90◦ between the electrons is expected from a binary
collision between the electrons.
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INTRODUCTION
In prior work at the ALS, it has been pointed out that a new type of interatomic resonant

photoemission effect exists, and that this effect furthermore has the potential of providing a useful
probe of near-neighbor atomic identities, bonding, and magnetism [1-5].  The phenomenon has been
termed multi-atom resonant photoemission (MARPE).  In measuring this effect, the photoelectron
intensity of a given core level from atom "A" (e.g. O 1s from MnO) is monitored while the photon
energy is tuned through a strong absorption edge for a core level on another atom "B" in the sample
(e.g. the Mn 2p edges in MnO).  Initial observations on MnO and other metal oxides appeared to
show significant entirely-positive interatomic resonant effects in photoemission of up to 100% [1].
Additional measurements in Auger emission and soft x-ray emission from MnO seemed to confirm
that such effects were also present in secondary decay processes as a result of resonant enhancement
of the initial O 1s core hole formation [2].  A theoretical model for these effects based on the
extension of intraatomic resonant photoemission ideas to the interatomic case was also developed
and compared favorably with experiment [3].  Other measurements on transition-metal compounds
[6] and an adsorbate-substrate system [7a] seemed to confirm these measurements and analysis.

Subsequently, it has been realized that such experimental measurements require very careful
allowance for potential detector non-linearities [4,5,7b], since the observed electron intensities
(particularly inelastically scattered backgrounds) change dramatically in going over any core
resonance.  In particular, the detector used for several of the first MARPE studies [1,2,4-7a], the
standard microchannel plate-plus-phosphor-plus-CCD camera incorporated in the Gammadata-
Scienta series of electron spectrometers, exhibits not only a typical saturation effect for high
countrates, but also a strong quadratic component of counting that goes above linear for low
countrates.  Thus, spectra obtained in this low-countrate regime, while not exhibiting any kind of
saturation effect, can be artificially enhanced in intensity in passing over a core-level resonance.
Methods of accurately correcting spectra for these non-linearities have been discussed [4,5,7b, and
abstract by Mannella et al. in this 2001 Compendium].  When these effects are allowed for, the
magnitude of the effect is reduced and the form is found to change, with the shape usually involving
a negative-then-positive swing in intensity reminscent of a Fano profile in form [4,5,7b,8].

We here report more recent experimental results providing further evidence of such interatomic
resonant effects in photoemission, for two very different limiting-case types of systems: a cleaved
single-crystal oxide-NiO and a free molecule-SF6.  These data are discussed in terms of existing
theoretical models for such MARPE effects [3,5], in particular, an x-ray optical (dielectric)
approach that well describes the NiO data and a microscopic quantum mechanical model that should
be useful in describing the SF6 data.



EXPERIMENTAL PROCEDURE
The NiO measurements were performed on beamline 4.0.2 and made use of the Advanced

Photoelectron Spectrometer/Diffractometer located there.  Detector non-linearities were corrected
for in all data presented here, using methods described elsewhere [4,5, and abstract in the 2001
Compendium].  A NiO single crystal was cleaved just before insertion into ultrahigh vacuum via a
loadlock, then ion bombardment and annealing in oxygen to remove minor surface contaminant
levels and assure correct stoichiometry before measurement.  The incidence angle of the radiation
was varied from grazing values of 5° to much higher values up to 40° (cf. experimental geometry in
Figure 1(a)).

The SF6 measurements were performed on beamline 8.0.1 and made use of a time-of-flight
spectrometer described in detail elsewhere [9].  The detectors in this spectrometer are positioned in
angle with respect to the incoming radiation and polarization vector such that non-dipole
contributions to the angular distributions can be readily measured with high accuracy.  For
reference, the angular distributions of photoelectrons from a randomly oriented ensemble of free
molecules is given by 2

2 e e e edσ / dΩ ( σ / 4π ){1 βP (cosΘ ) [ δ γcos Θ ] sinΘ cosΦ }= + + + , with β the
dipole asymmetry parameter and δ and γ the first-order non-dipole parameters (cf. geometry in
Figure 2(a), with Φe being the azimuthal angle around the polarization vector ε) [9].

EXPERIMENTAL RESULTS AND DISCUSSION
NiO(001):  In Figure 1, we show experimental O 1s intensities from NiO as a function of photon

energy and for five different x-ray incidence angles.  For the lowest incidence angle of 5°, the effect
of crossing the Ni 2p absorption resonances is dramatic, yielding a negative-then-positive excursion
on crossing 2p3/2 whose amplitude is 75% of the intensity below the resonance.  The magnitudes of
these effects decreases as the incidence angle is increased, falling off to about 5% for an incidence
angle of 40°.

Also shown in Figure 1 are theoretical curves based on an x-ray optical model of such effects, as
discussed previously [5].  The optical constants that are key inputs for this model have been derived
from concomitant partial-yield x-ray absorption measurements, with corrections for x-ray incidence
angle and secondary electron takeoff angle [4], and subsequent Kramers-Kronig analysis [5].  The
resulting theoretical curves are in excellent agreement with experiment for the lowest angle, and the
agreement is very good for all other angles as well, although with some overprediction of the
amplitudes at the higher angles.  Non-zero effects are observed and predicted over the full angle
range, in qualitative agreement with prior data for MnO [5].  These data thus disagree with one
aspect of an earlier study of NiO by Finazzi et al. [8], in which they did not observe any sort of
MARPE effect in O 1s emission from NiO; this lack of any effect appears to be due to measuring
with too high an incidence angle and having insufficient statistical accuracy to resolve the small
remaining effects seen, e.g. in Figures 2(e)-2(f).

We thus expect such MARPE effects to be observable in photoemission from any solid surface,
with strength depending on the relative intensities of the absorption resonances.  Furthermore, for
homogeneous systems with flat surfaces, the x-ray optical model should provide a reasonably
quantitative picture of the observed phenomena.  Effects following an x-ray optical analysis have
also recently been observed for photoemission from an adsorbate on a metal-N2/Ni(001) [10].  For
more complex cases with, e.g., three-dimensional nanometer-scale heterogeneity, the use of a
microscopic model will be more appropriate.

SF6:  In Figure 2, experimental results for SF6 are summarized.  The x-ray absorption coefficient
is shown in Figure 2(b), and the S 2p photoemission intensity and its asymmetry parameters were
measured as photon energy was scanned across the "A" absorption resonance (corresponding to a F



1s t1u-to-a*1g excitation).  Although the total S 2p intensity (proportional to σ) does not show a
significant change in crossing the resonance (≤few %), the dipole asymmetry parameter β (as shown
in Figure 2(b)) exhibits about a 15% excursion in magnitude that is also of the same general form as
those in Figure 1.  Similar effects are also seen in the parameters δ and γ [11].

Thus, interatomic resonant effects are also seen in this free molecule, and although they are too
small to be observed as yet in the total intensity, they are clearly observed in the various asymmetry
parameters.  No theoretical calculations have as yet been performed for this case, but the x-ray
optical model would clearly be inappropriate, and a microscopic approach such as that discussed
previously [3,5] is the logical starting point for understanding these effects.

CONCLUSIONS
Multi-atom resonant photoemission effects are found in both the total intensities from

homogeneous solid surfaces and adsorbates on such surfaces, for which an x-ray optical model is
found to well describe the data, and in the angular distribution asymmetry parameters of a free
molecule, for which a microscopic theoretical approach will be necessary.  Similar effects in
nanoscale structures will lie somewhere between these two cases.
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Figure 1.  (a) Experimental geometry for measurements on Ni(001). (b)-(f) O 1s intensity as photon energy is scanned
through the Ni 2p1/2-3/2 absorption resonances.  Both experimental data (blue points) and theoretical calculations based
on an x-ray optical model (red curves) are shown.

Figure 2.  (a) Experimental geometry for measurements on gas-phase SF6. (b) The x-ray absorption coefficient in the F
1s region as measured by partial electron yield.  (c) The dipole asymmetry parameter β as photon energy is scanned
through the "A" resonance in (b).
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Resolving magnetic and chemical correlation lengths 
in CoPtCr-based recording media 
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GRANULAR RECORDING MEDIA 

Current magnetic recording media consists of chemically segregated, polycrystalline grains 
whose grain-centers are ferromagnetic with in-plane anisotropy and whose grain boundaries are 
nominally non-magnetic [1].  This chemically and magnetically heterogeneous microstructure has 
evolved through several generations of recording media via an increasingly complex set of alloys from 
CoCr to CoPtCr to CoPtCrB.  The additives Cr and later B are known to segregate to and produce 
nonmagnetic grain boundary phases that were believed to reduce exchange coupling between adjacent 
grains, thereby enabling sharper bit transitions and higher recording density [2].  Chemical heterogeneity 
associated with these films is resolved using high-resolution TEM and micro-EELS [3].  It has remained 
difficult, however, to directly measure the magnetic correlation lengths giving the distance over which 
grain-to-grain magnetism is correlated.   
 We have found that both magnetic and chemical heterogeneity in recording media films are 
strong scattering sources when tuned to specific soft x-ray core resonances to enhance contrast [4,5].  
This transmission small-angle scattering (SAS) measurement positions the scattering vector q in the film 
plane to optimize coupling to in-plane structure (Fig. 1b, inset) [6].  Although soft x-ray wavelengths 
limit the maximum q, spatial resolution to 1 nm is available.   

Q-RESOLVED RESONANT SCATTERING 
SAS q scans measured at the resonant intensity peaks at the Co and Cr L3 lines are shown in 

Fig. 1.  Scans of the common underlayer structure (without any media layer) reveal the contributions 
from the underlayer and the SiN membrane.  These scans are almost featureless, with enhanced low q 
scattering that is also observed in scattering from the substrate alone, and with a weak, broad peak at q 
≅ 0.015 Å-1 observed at the Cr resonance.  For the samples with media layers there is additional, strong 
SAS at both the Cr and Co edges arising from the media layer.  This scattering is strongly resonantly 
enhanced, as is illustrated in Fig. 1b by the 10-fold decrease in scattering just 10 eV below the Co L3 
peak (dashed line) compared to that measured at the peak (open circles).  Similarly strong and sharp 
resonant enhancements are observed near the Cr L3 line. 
 The SAS scans from the different media samples show similar features.  The Cr-edge data has a 
peak at q ≅ 0.07 Å-1 for all samples.  This peak results from interference between neighboring scattering 
centers separated by 2π/q ≅ 100 Å, typical of grain diameters observed in TEM images of media 
grown on similar underlayers [2].  We attribute this Cr resonant peak to the average grain diameter of 
the media.  It is well established that chemical segregation during the growth of CoCr alloys involves Cr 
diffusion to the grain boundaries resulting in a magnetic Co-rich core of the grain with non-magnetic or 
weakly magnetic Cr-rich grain boundaries [6,7], as shown schematically in Fig. 1b.  Thus, by tuning to 
the Cr edge, we enhance the chemical contrast between the magnetic grain core and the Cr-rich grain 
boundaries.   
 The Co-edge scattering is expected to arise from both magnetic and chemical correlations (and 
their interference).  These data show the same interference peak at q ≅ 0.07Å-1 that was observed in the 



Cr-edge data, as well as additional scattering at 
significantly lower q values.  The observation of 
high-q resonant scattering from the grain 
structure at both the Co and Cr edges confirms 
that this scattering arises from in-plane 
compositional variations of Co and Cr.  The 
additional lower-q scattering arises 
predominantly from correlated magnetic regions 
larger than the grain size.  For the CoPtCr film 
(Fig. 1c), this additional scattering is clearly 
resolved as a peak at q ≅ 0.015 Å-1 
corresponding to a real space distance of ≅ 
400 Å.  The difference of the Co and Cr 
resonant scans (scaled to match at high q) 
results from Co magnetic-magnetic correlations 
and magnetic-charge interference, with the 
former dominating the low-q peak and the latter 
contributing progressively to increasing q.  The 
low-q peak is thus a measure of the magnetic 
correlation length in these media films.   

Boron additions are seen to reduce the 
magnetic correlation length from 4-5 times the 
chemical grain size to closely approach the 
grain size, consistent with improved recording 
performance and inferred magnetic correlation 
lengths from recording signal to noise 
measurements. 

MODELING ENERGY SPECTRA 
The above interpretation of magnetic 

and chemical peaks is qualitative.  One 
approach to independent, quantitative 
determination of the scattering sources 
contributing to the peaks is to model the energy 
spectra of the scattering at each peak [5].  
Measured Co L3 energy spectra at these two 
peaks for the CoPtCr sample are shown as 

symbols in Fig. 2, and clearly have very different shape.  Modeling these resonant shapes requires 
measured values of charge and magnetic atomic scattering factors f for Co.  These were obtained from 
transmission absorption measurements of the saturated media film with linear and circular polarization, 
followed by Kramers-Kronig transformation of the imaginary part of these quantities to obtain their real 
parts.   Non-resonant f values for Cr and Pt were taken from tabulated values [9].   
 Following standard SAS formalisms, the amplitude for different scattering sources is given by 
the difference of amplitudes of the two phases defining the heterogeneity.  The simplest model for pure 
magnetic scattering yields amplitude proportional to the magnetic part of f for Co [5, 6].  The 
corresponding intensity is scaled and plotted in Fig. 2, with a small non-resonant background added.  
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Figure 1.  Resonant SAS from the underlayer structure 
without media layer (a) and from CoCr (b), CoPtCr(c), 
and CoPtCrB (d) media measured at the Co and Cr L3 
lines as indicated.  The inset shows the scattering 
geometry and media layer with magnetic grains 
(diameter D) with the in-plane magnetization direction 
represented by the arrows and nonmagnetic grain 
boundaries.   The open diamonds are the difference 
between the Co- and Cr-edge data.  The dashed line in 
(b) is the nonresonant scattering measured 10 eV 
below the Co edge. 



The good agreement of model and measured spectra 
confirms the magnetic origin of the low-q peak and 
thus that magnetic correlation lengths in this sample 
are several times the chemical grain size.  Modeling 
the high-q spectrum requires postulating 
compositions of the segregated phases at the grain 
boundaries and centers, forming the appropriate 
scattering amplitudes of these two phases as linear 
combinations of elemental scattering factors, and 
squaring the difference of these amplitudes to obtain 
the intensity spectrum.  A model spectrum is scaled 
and plotted with the high-q data in Fig. 2, confirming 
that the high-q peak is consistently modeled 
assuming chemical origin.  Details showing that this 
model is sensitive to the composition of segregated 
phases are in ref. [5].     

CONCLUSIONS 
Resonant SAS contrast at Co and Cr L2,3 lines strongly enhances both magnetic and chemical 

scattering in recording media films.  Since Co and Cr enhancements have different sensitivity to chemical 
and magnetic heterogeneity, their relative behavior allows clear separation of chemical and magnetic 
length scales and a very direct measurement of magnetic correlation lengths in granular recording media.  
The addition of B to the media alloys significantly reduces the magnetic correlation lengths [4].  
Modeling of resonant energy spectra at the Co L3 edge using measured resonant Co scattering factors 
quantitatively confirms magnetic and chemical scattering sources and provides an estimate of the 
composition of segregated phases yielding the chemical scattering [5]. 
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Introduction
Energy- and angle-resolved photoelectron spectroscopy has been widley used to

investigate the structures of atoms, molecules and solid matter as well as the dynamics of
photoemission processes. Though, the information that can be obtained with this technique is
often incomplete, even when the most simple systems are investigated [1]. Quantum
mechanically the photoemission process is described in terms of the wavefunctions for the initial
and final states and the Coulomb or dipole transition matrix elements. The determination of all
the matrix elements of one physical process is the aim of the so-called complete (or perfect)
experiment [2,3]. This definition is clearly model dependent [3].

Different techniques have been introduced to tempt a complete photoionization
experiment. Some make use of coincidence between electron and electron [4,5,6] , or electron
and fluorescent photon [7,8]. Other take advantage of the properties of polarized atoms [9,10].
The possibility of using spin-resolved electron spectroscopy has been theoretically described by
Huang for photoionization [11] and Auger decay [12]. Since then, this technique has been widley
used in experiments, see [13,14,15] for example.

Despite the substantial advancements of complete experiment in atomic systems, there
have been only very few studies of inner-shell photoionization of molecules beyond intensities
and angular distributions [16]. A molecular complete experiment is much more difficult than the
determination of matrix elements for atoms, because of the large number of possible outgoing
partial waves. Additionally, the molecular environment can influence the core orbitals of the
atoms in the molecule. This can lead to the splitting of energy levels due to vibrations, lower
than spherical symmetry of the system, etc.

In this work we report on spin polarization measurements of the sulphur 2p photoionization
of carbonyl sulphide molecule. Recently, Kukk et al. [17] investigated the sulphur 2p
photoionization of OCS molecules by high-resolution, angle-resolved electron spectroscopy.
They found that the angular distribution parameter β of the two molecular-field-split components
of the sulphur 2p3/2 line differs significantly at a broad range of photon energies above the 2p
threshold. Since the origin of this difference cannot be traced solely by angle-resolved
spectroscopy, we measured the spin polarization of the S 2p lines. The analysis of the acquired
data is still in progress; some preliminary results will be presented here.

Experiment
The experiment was performed at Beamline 4 at Advanced Light Source (ALS) storage

ring. We used circularly and linearly polarized light from the new elliptical polarization
undulator (EPU) [18]. The sulphur 2p photoionization was measured for 6 different photon
energies, namely 185, 191, 195, 205, 220 and 260 eV. With the chosen setting of the parameters
of the beamline, a photon flux of approximately 1014 photons/sec and a resolving power E/∆E



about 1000 was provided. The degree of both circular and linear polarization for all the photon
energies was 100% within the experimental errors. The photon beam crossed perpendicularly an
OCS effusive gas jet. The kinetic energy of the photoemitted electrons was measured with two
Time Of Flight (TOF) spectrometers. Combined with one of the TOF, a spherical Mott
polarimeter of the Rice type, operated at 45KV, performed the spin polarization analysis. The
instrumental asymmetry of the Mott polarimeter was accounted by combining measurements
with positive and negative light helicity [19], changing polarization approximately every 10 min.
Due to the substantial loss of signal intensity during the Mott scattering, our experiment
considerably benefited from the TOF technique�s inherent capability of simultaneous acquisition
of all lines in the spectrum.

Results
The sulphur 2p-photoionization spectrum of OCS, as measured with 205 eV circularly polarized
photon, is reported in the lower panel of Fig.1 (sum of the spectra with different spin
polarization).

Fig.1: Sulphur 2p-photoionization spectrum of OCS molecule, as measured with 205 eV circularly-polarized photon.
(bottom) Total Intensity, the continuous curves are the result of a least-squares fitting procedure. (middle) Spin-
Separated Intensity. (up) Spin Polarization. See text for details.

As described in details by Kukk et al. [17] the spectrum can be completely understood in terms
of spin-orbit, vibrational and molecular field split. Within the resolution of our experiment, the
two spin-orbit components are easily resolved; in order to solve the vibrational and molecular
field splitting, we applied a least-squares fitting procedure, using asymmetric Voight profiles.

We applied two different techniques to extract the spin polarization from our data. The areas of
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the different peaks, as returned by the fitting procedure, were used to obtain the polarization of
the different components of the spectrum. This technique has been referred as a �Line-Oriented�
analysis [15]. Alternatively, we applied a �Channel-Oriented� analysis, where the spin
polarization has been calculated for each point of the photoemission spectra. The results of the
two methods are reported in the top panel of Fig.1, showing good agreement. Using the values
obtained with the latter analysis, we deduced the spin separated spectra [14], which correspond
to the spectra that a �perfect� Mott polarimeter (i.e. with no instrumental asymmetry, and
Sherman function equal to1) would measure in case of completely circularly polarized light.
These spectra are reported in the middle panel of Fig.1.

Both the spin-orbit components show strong spin-polarization. Conversely, the vibrational and
the molecular splitting show minor effect on the spin polarization at this photon energy. The
polarization of the three states of the 2p1/2 peak is +0.95 ±  0.15, i.e. these states are almost
completely spin-polarized. This is reflected in the vanishing of the 2p1/2 peak in the spin
separated spectrum associated with electron spin parallel to the photon spin. The states
associated with the 2p3/2 peak show slightly different polarization values out of the error bars.
The different sign in the spin polarization of the two spin-orbit states qualitatively agree with the
fact that the polarization of the 2p photoionization line should vanish when the spin-orbit
structure is not resolved.

Conclusion
Whereas the most of the analysis has to be done, the few preliminary results seem to be
encouraging. The investigated transitions show strong spin polarization, which makes them very
suited for spin resolved technique. The agreement of the results obtained by using different
analysis techniques confirms the consistency of the investigation.
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INTRODUCTION

The electronic properties and magnetic behavior of FeNi alloys have been of special interest
since 1897 when Guillaume [1] first reported an almost zero thermal expansion over a wide
temperature range in face-centered cubic (fcc) crystals with a Ni concentration of around 35
atomic percent. This behavior was subsequently observed in various ordered and random binary
alloy systems, and became known as the “Invar Effect” [2]. Despite much experimental [3] and
theoretical [4] work, a full understanding of this important technological effect is lacking.
A general view, first advanced by Weiss [3], is that the Fe atoms first develop a large magnetic
moment in the Ni-rich alloys, which expands their lattice as their number increases. At a critical
Wigner-Seitz cell volume, the strain energy becomes too large and there is a phase transition
from this “high-spin/high-volume” state into a ‘low-spin/low-volume” state. In the bulk alloys,
this instability begins around 60% Fe content, the Curie temperature falling precipitously,
simultaneously with a ‘martensitic’ structural transformation to body-centerd cubic (bcc)
symmetry [2]. Theoretical work predicts that the fcc phase can exist in two possible states: a
ferromagnetic high volume state or an antiferromagnetic low volume state (2 γ state model) [3]
with a volume change between the paramagnetic and the high spin state of ~7% [5], and 1%
change between a non-collinear equilibrium state and the high spin state [4]. Experimental work
shows a lattice expansion increasing linearly up to 3% at 65% Fe content followed by a sudden
relaxation of 2% with increasing Fe content [6]. This work also shows that the martensitic
structural transformation can be arrested in ultrathin alloy films epitaxially grown on a Cu(100)
substrate. The nanometer-scale thickness effectively ‘clamps’ the crystal structure to that of the
fcc substrate. Small changes in the Wigner-Seitz cell volume produce a small tetragonal
distortion, which can be monitored by diffraction methods [6]. By growing ultrathin
pseudomorphic fcc films, it is possible to focus on the effect of changing alloy composition on
themagnetic and electronic behavior.
Here, we report changes in the magnitudes of both elemental magnetic moments with changing
composition, measured with X-ray linear/circular dichroism as well as changes in the exchange
splitting measured with spin- and angle-resolved photoemission.

RESULTS AND DISCUSSION

A plot of the change in the asymmetry amplitude, for both elements in the FeNi alloy measured
with XMLDAD, being a measure of the expectation value of the atomic magnetic moment <µ>,
is shown plotted as a function of composition, fig. 1 (left panel). We observe that both the Ni and
Fe signals track a similar profile with changing composition. In the Ni-rich alloys, both signal
increase linearly up to 65% that on the Fe showing the larger increase. Above 65% Fe content,
both signals show a sharp decrease. The observed asymmetry amplitudes, suggest that a high-
spin moment develops on the Fe with increasing Fe content that increases overall magnetization,



which then increases the polarization of the valence states surrounding the Ni atomic cores. The
Ni thus develops a component that tracks the developing magnetization. Above 65% Fe-content,
the high-spin moment on the Fe appears to collapse to a ”low-spin value”, causing the overall
magnetization density to be lowered, which is sensed by the reduced polarization of the valence
states on the Ni. A plot of the variation of a ‘stoichiometric average moment’
xA(Fex)+(1-x)A(Ni1-x) is shown in fig. 1 (right panel).. The behavior is very similar to that
reported for the variation of the saturated moment normalized to the volume of similar fcc films
on Cu(100) & Cu(111) and measured with SQUID magnetometry [7]. The solid line is the
behavior reported for FeNi alloys from neutron scattering measurements [2]. We note that the
Ni-rich phase extrapolates to a value around µ=2.5-3.0µB, a value predicted theoretically for the
“high-moment” metastable fcc phase [5]. The above ‘mean magnetic moment’ variation,
normalizing the Ni asymmetry amplitude to be equivalent to the magnetic moment of metallic Ni
is tracking closely the Slater-Pauling curve, the moment increasing linearly with increasing
number of holes per atom in the valence electronic states. Above 65% Fe content, the average
moment shows a sharp decline into a “low-spin” magnitude state, which could be the result of a
collapse of the spin moment on the Fe atoms and/or a sudden decrease in magnetization due to a
non collinear rearrangement of spins.

Figure 1. Left panel: Change in dichroism amplitude, A, as a function of FeNi alloy composition.
Right panel: The variation of the ‘stoichiometrically-weighted’ dichroism signal amplitude (see text) with changing
FeNi alloy composition. The dashed curve is the behavior observed in bulk FeNi alloys by neutron scattering. The
right hand scale is determined from neutron and SQUID magnetometry data [2,7]

Spin polarized photoemission studies record a sudden decrease in the ”mean-field” exchange
splitting of the d-states with increasing Fe content through the critical “Invar transition”. Angle-
resolved photoemission imaging of states at the Fermi level [8] reveal a much smaller splitting of
the sp-states, which also tracks the changing magnetization with changing composition. Spectral
lineshapes reveal a decreased lifetime (i.e. decreased mean-free path for scattering) of the
minority spin-polarized sp-states, in agreement with reported similar measurements on permalloy
[9].Angle-resolved photoemission measurements of the sp-states, away from the regions of
emerging minority d-states, along the <110> (Σ) symmetry direction, resolves the sp exchange
splitting in reciprocal space. We observe that the spectral width of the minority-spin band of the
sp-states is broader than that of the majority-spin sp-band.
This has been reported in similar measurements on permalloy, and is indicative of a shorter
lifetime due to increased scattering and a shorter mean-free-path for the minority spin electrons.
We also note that the lifetime broadening of the minority-spin sp-states increases significantly in
the Fe rich alloys. The measured exchange splitting of the sp-states as well as the spin-resolved
measured exchange splitting of the d-states track the behavior of the x-ray core-level
photoemission dichroism.
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This is to be expected on the basis of the overall magnetic energy being the sum of a ‘local
moment’ energy on the ‘atom(s) and a ‘mean-field’ exchange energy rising from the spin
polarization of the itinerant valence states [10].
X-ray circular dichroism measurements allow to separate the orbital from the spin part of the
local moments. Our measurements show the same concentration dependence of the local
moments as t he linear dichroism measurements.

Figure 2. The variations of the spin, respectively orbital parts of the magnetic moments. [A-2B=-C/µB(µs+µD
α);

A+B=-3C/2µB(µO
α)]. A, B are the areas underneath the difference peaks of the 2p spectra taken with magnetization

up and down.
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